Using electrodeposition and flip-chip bonding, a cross-plane thin film device consisting of 242 pairs of the electrodeposited n-type BiTe and p-type SbTe thin film legs was successfully fabricated. The electrodeposited BiTe films with the thickness of 2.520.2 µm exhibited the Seebeck coefficients of ¹52 to ¹59 µV/K and the power factors of 5.55.1 © 10 ¹4 W/m·K 2 . While the Seebeck coefficient of the SbTe film varied from 276 to 485 µV/K, the power factor was changed from 81 © 10 ¹4 to 50 © 10 ¹4 W/m·K 2 with increasing the film thickness from 2.2 to 20.5 µm. The internal resistance of the thin film device consisting of 242 pairs of the electrodeposited np thin film legs was measured as 3.7 K³. The open-circuit voltage and the maximum output power of the thin film device were 0.294 V and 5.9 µW, respectively, with the temperature difference of 22.3 K across the hot and cold ends of the thin film device.
Introduction
Recently, a large number of studies has been focused on development of micro power devices with low power and high output voltage in order to replace bulky batteries with a limited lifetime for micro-electromechanical system (MEMS), wearable electronics, portable electronic devices and system-on-chip. 16) Among the available power sources such as vibration, photovoltaic and thermal gradient for miniaturized solid state devices, there has been much interest recently for thermal-to-electrical energy conversion, i.e., thermoelectric power generation, due to its attractive characteristics such as no moving parts, long lifetime and high reliability. 16) To utilize the thermoelectric devices as micro power sources, it is required to dramatically reduce the size of the thermoelectric devices by employing thin-film technique and photolithography. 1, 2, 510) A thermoelectric thin film device can be classified as either the in-plane type or the cross-plane configuration according to the heat flow direction through the device. 2, 810) Compared to the in-plane type, the cross-plane device has advantages of low electrical resistance and no parasitic heat flow through a substrate. 10) However, bonding of upper electrodes to the thermoelectric thin film legs is difficult enough to make it one of the bottlenecks for processing of a cross-plane device. 810) In microelectronic packaging, flip chip technology has been extensively investigated to attach a semiconductor chip directly to a PCB circuit board, a flexible substrate and a glass substrate of a LCD panel. 11, 12) Flip chip technology has been used to accommodate high density and fine pitch interconnection between a semiconductor chip and a substrate. 11, 12) Although flip chip technology has a strong potential to be utilized for fabrication of a cross-plane thin film device, it is difficult to find a previous research applying flip chip bonding to fabrication process of a cross-plane thin film device.
In this study, we characterized the thermoelectric properties of the n-type BiTe and p-type SbTe thin films processed by electrodeposition. Then a cross-plane thin film device was fabricated by flip chip bonding of the upper electrodes to the electrodeposited BiTe and SbTe thin film legs. Power generation characteristics of the thin film device were evaluated by applying a temperature difference across the hot and cold ends of the thin film device.
Experimental Procedure
The n-type BiTe films of 220 µm-thickness were electrodeposited from a nitric-acid aqueous solution containing 50-mM BiTe in 1 M HNO 3 at a constant current of 1.25 mA/cm 2 . Bi 2 O 3 and TeO 2 were successively dissolved in 1 M HNO 3 to obtain an electrodeposition solution with the Bi/(Bi + Te) mole fraction of 0.5. As a seed layer for electrodeposition, a 1 µm-thick Ti was sputtered onto a Si wafer. The p-type SbTe films of 220 µm-thickness were processed with electrodeposition from an aqueous solution containing 70-mM SbTe electrolytes. To make the SbTe electrodeposition solution, TeO 2 and Sb 2 O 3 were successively dissolved into a mixed solution of 3.5 M perchloric acid and 0.35 M tartaric acid at 160°C with the Sb/(Sb + Te) mole fraction of 0.9. The SbTe films were electroplated on a Ti/Si substrate at a constant current of 1.25 mA/cm 2 . Compositions and crystalline phases of the BiTe and the SbTe films were analyzed by energy dispersive spectroscopy (EDS) and X-ray diffraction, respectively. The Seebeck coefficients (¡) of the BiTe and the SbTe films were measured to the in-plane direction at room temperature by applying a temperature difference of 20°C at both ends of a film. The electrical resistivity (µ) was measured using a four-point-probe. The power factor (P) of the BiTe and the SbTe films was evaluated using the relation of P = ¡ 2 /µ. Figure 1 illustrates the fabrication process for a cross-plane thin film device using flip-chip bonding technique. Details of the fabrication process of the thin film device will be discussed later. The power generation performance of a thin film device was measured by placing the device between the heat source and the water-cooled copper heat sink. To reduce the thermal contact resistance between the device and the + Graduate Student, Hongik University © 2012 The Japan Institute of Metals heat source/sink, silicone thermal grease was applied, as a thermal interface material, between the substrates of the thin film device and the heat source/sink surfaces. Temperature difference ¦T was measured using thin k-type thermocouples placed between the thin film devices and the heat source/sink surfaces. After reaching a steady-state temperature difference, an open-circuit voltage was measured and then the external load resistance was subsequently adjusted to measure the output voltagecurrent characteristics. Table 1 lists the compositions and the thermoelectric characteristics of the electrodeposited BiTe and SbTe thin films. The compositions of the BiTe films were close to the Bi 2 Te 3 stoichiometry without depending upon the film thickness, indicating that the composition through the film thickness was quite uniform. X-ray diffraction patterns of the BiTe films, as shown in Fig. 2 , exhibited the Bi 2 Te 3 phase of a strong preferred orientation along the h110i direction, indicating that stacking of the TeBiTe layers occurred parallel to the substrate due to the slow growth of the film.
Results and Discussion

13)
The h110i preferred orientation has been reported in other works for the BiTe films with excess Te compositions of 60 at% < Te < 65 at%, 1416) which is in a good agreement with our EDS results listed in Table 1 those reported by Soliman et al. 16) and Michel et al., 17) namely flaky, dendritic or rose quartz crystallites. The morphology of a BiTe film became coarser and significantly more rough with increasing the film thickness. The composition of the electrodeposited SbTe films, similar to the BiTe films, was not affected by the film thickness, as listed in Table 1 . Even though the SbO + /Sb reaction has more negative redox potential than that of the HTeO 2 + /Te reaction, 18, 19) the galvanostatically electrodeposited SbTe films exhibited slightly Sb-rich compositions from the Sb 2 Te 3 stoichiometry. This could be due to the fact that the SbTe films were electrodeposited in an electrolyte with a very high Sb/(Sb + Te) mole ratio of 0.9. 18, 19) As shown in Fig. 4 , X-ray diffraction analysis revealed that peaks of metallic Sb or even of unknown phase as well as Sb 2 Te 3 were detected in both the 2.2 µm-thick and 20.5 µm-thick films. While the electrodeposited BiTe films were crystalline regardless of the film thickness, the electrodeposited SbTe films showed a strong tendency of amorphization with increasing the film thickness from 2.2 to 20.5 µm. In our previous works, the SbTe films electrodeposited potentiostatically with the same bath condition were completely amorphous even at the film thickness of 2 µm. 18, 19) The discrepancy between the result of this study and that of previous work might be related to the difference in electrodeposition mode. Figures 3(c) and 3(d) show the morphology of the SbTe films. With increasing the film thickness from 2.2 to 20.5 µm, the morphology changed from uniform fine granular shape to cauliflower-like rough structure with overall large grain size. 20) The room temperature thermoelectric properties of the Bi Te and SbTe films were listed in Table 1 . The BiTe films exhibited the negative Seebeck coefficients, which was coincident with the fact that the Te-rich Bi 2 Te 3 is n-type and the Bi-rich Bi 2 Te 3 is p-type. 21) The Seebeck coefficients of the BiTe films were in the range of ¹51.8 to ¹59.8 µV/K, which were much lower than the ¹200 µV/K reported for bulk Bi 2 Te 3 , resulting the quite low power factors, compared to those of the Bi 2 Te 3 bulk materials. 22) Such low Seebeck coefficients of the BiTe films could be attributed to the high carrier concentration, not listed here, due to the heavy doping of the films inherently resulted from an electrodeposition process. 19 In case of the SbTe films, it is interesting to note that the Seebeck coefficient exhibited a strong dependence on the film thickness and varied from 276 to 485 µV/K with increasing the film thickness from 2.2 to 20.5 µm. Such thickness dependence of the Seebeck coefficient might be related to the degree of crystallinity of the SbTe films. As illustrated in the XRD patterns in Fig. 4 , the SbTe films became more amorphized with severe deterioration of the crystallinity at the film thickness of 20.5 µm. In general, amorphous SbTe films have exhibited much higher Seebeck coefficients than the crystalline ones.
2328) The room temperature Seebeck coefficient of the bulk Sb 2 Te 3 single crystal was reported as ³80 µV/K, 23) and the Seebeck coefficient values of the crystalline Sb 2 Te 3 films obtained by coevaporation, MOCVD and MBE were 158, 115 and 126 µV/K, respectively. 2426) On the other hand, the Seebeck coefficients of the amorphous Sb 2 Te 3 films processed by RF magnetron sputtering and vacuum evaporation were reported as high as 750 and 350 µV/K, respectively. 27, 28) The electrical resistivity of the SbTe films was substantially changed from 0.94 to 4.75 m³·cm with increasing the film thickness from 2.2 to 20.5 µm, which also could be due to the film amorphization. As listed in Table 1 , the electrodeposited SbTe films exhibited power factors larger than 49.6 © 10 ¹4 W/m·K 2 , which were much higher than those reported for the crystalline Sb 2 Te 3 films mainly due to the contribution of their higher Seebeck coefficients. 2426) Figure 5 illustrates an optical micrograph of the crossplane thin film device fabricated by using the process flow shown in Fig. 1 . In order to eliminate a detrimental effect of the thermal expansion mismatch between the top and bottom substrates, both the top and bottom substrates of a thin film device were processed with a Si wafer. To make a bottom specimen with the electrodeposited thin film legs, 0.1 µm-thick Ti, 0.5 µm-thick Cu and 1 µm-thick Ti were sequentially sputtered on a Si wafer. The Ti/Cu/Ti metallization not only acted as a seedlayer for electrodeposition of the BiTe and SbTe thin films, but also was used to produce the electrodes in a thin film device. In the Ti/Cu/Ti multilayered metallization, the bottom 0.1 µm-thick Ti layer worked as an adhesion layer and the top 1 µm-thick Ti was the seedlayer for electrodeposition of the BiTe and SbTe thin film legs. The Cu intermediate layer, which has an electrical resistivity 25 times lower than Ti, was used to minimize the resistance of the electrodes in the thin film device.
After sputtering the Ti/Cu/Ti metallization, AZ 4620 positive photoresist was spin-coated, exposed, and developed to open holes of 100 µm-diameter for electrodeposition of the BiTe thin film legs. The n-type BiTe thin film legs of 20 µm-thickness were electrodeposited at a constant current of 12.5 mA/cm 2 . Then, AZ 4620 positive photoresist was spin-coated, exposed, and developed again to open holes of 100 µm-diameter. The p-type SbTe thin film legs of 20 µm-thickness were electrodeposited at a constant current of 12.5 mA/cm 2 , as shown in Figs. 1(d) and 1(e) . It was difficult to control the coplanarity of the electrodeposited Bi Te and SbTe leg heights. Also, the surface roughness as well as the flatness of the electrodeposited thin film legs was very critical for flip-chip bonding of the top-substrate electrode pads to the thin-film legs. In order to overcome these issues, we electrodeposited the BiTe and SbTe thin film legs fully to overflow, as illustrated in Figs. 1(c) and 1(e) . Then mechanical polishing was done on the overgrown BiTe and SbTe thin film legs in the photoresist template to obtain smooth and flat surface as well as uniform height. Figure 6 shows the scanning electron micrographs of a BiTe leg of 20 µm-thickness overgrown and subsequently mechanical polished. It can be seen that the thin film leg has flat and relatively smooth surface. After electrodepositing 1 µm-thick Ni as an adhesion layer and 3 µm-thick Sn as a bonding layer on top of the BiTe and SbTe thin film legs, subsequent photoresist patterning and metallization etching were conducted to produce the electrodes of the bottom substrate. A scanning electron micrograph of the completed bottom substrate consisting of the BiTe and SnTe thin film legs with the Ni/Sn capping layer is shown in Fig. 7 .
To make a top substrate specimen with Sn bump on electrodes, 0.1 µm-thick Ti, 0.5 µm-thick Cu and 1 µm-thick Ti were sequentially sputtered on a Si wafer. After etching off the top 1 µm-thick Ti selectively on the area to electroplate Sn bumps, Sn bumps of 100 µm-diameter and 5 µm-thickness were electrodeposited at a current density of 10 mA/cm 2 . Then subsequent photoresist patterning and metallization etching were conducted to produce the electrodes of the top substrate. To connect the bottom substrate consisting of the thin film legs with the top substrate consisting of the Sn bumps, flip-chip bonding process was adapted by using anisotropic conductive adhesive (ACA). After dispensing ACA on a bottom substrate specimen consisting of the BiTe and SbTe thin film legs, a top substrate with the Sn bumps was flip-chip bonded to the bottom substrate specimen at 160°C for 30 s with a bonding pressure of 52 MPa. A crosssectional scanning electron micrograph of the thermoelectric thin film device consisting of 242 pairs of pn thin film legs fabricated by flip-chip process using ACA is shown in Fig. 8 . The conductive balls of about 4 µm-diameter were trapped between the thin film legs with the Sn/Ni capping layer on the bottom substrate and the Sn layer of the top substrate. Figure 9 illustrates the output voltagecurrent curve of the thin film device at a temperature difference ¦T of 22.3 K across the both ends of the thin film device. The output voltage exhibited 0.294 V for the open-circuit condition and then decreased linearly with increasing the output current, i.e., with decreasing the external load. The open-circuit voltage V 0 generated by a thermoelectric generator is proportional to the number m of thermocouples, the combined Seebeck coefficient ¡ of the np thermocouples, and the temperature difference ¦T across the hot and cold junctions, and is expressed as V 0 = m¡¦T. 29) Using the values of V 0 = 0.294 V, m = 242, and ¦T = 22.3 K, the combined Seebeck coefficient ¡ of one np leg pair was calculated as 54.5 µV/K, which was much smaller than 545 µV/K per leg pair estimated using the Seebeck coefficients of ¹59.8 µV/K and 454.4 µV/K of the 20 µm-thick n-type BiTe and p-type SbTe thin films. Such discrepancy between the measured and the estimated values would be caused by the difference between the apparent ¦T applied across the thin film device and the actual ¦T working across the thin film legs. Due to the thermal resistances of the flip-chip bonded interface as well as the top and bottom Si substrates, the actual ¦T across the thin film legs became much smaller than the apparent ¦T applied across the device, resulting in small open-circuit voltage. From the output voltagecurrent curve in Fig. 9 , the output powercurrent characteristic was evaluated and plotted in Fig. 10 . The maximum output power of 5.9 µW was obtained when the external load matched to the internal resistance 3.7 K³ of the thin film device. 
Conclusion
The electrodeposited BiTe films with the thickness of 2.520.2 µm exhibited the Seebeck coefficients of ¹52 to ¹59 µV/K and the power factors of 5.55.1 © 10 ¹4 W/m·K 2 . The electrodeposited SbTe films had a strong dependence of thermoelectric properties on the film thickness, which could be due to the change of crystallinity with the film thickness. While the Seebeck coefficient of the SbTe film varied from 276 to 485 µV/K with increasing the film thickness from 2.2 to 20.5 µm, the power factor was changed from 81 © 10
¹4
to 50 © 10 ¹4 W/m·K 2 due to substantial increase in the electrical resistivity.
After processing the bottom substrate consisting of 242 pairs of the n-type BiTe and the p-type SbTe thin film legs of 20 µm-thickness, a cross-plane thin film device was successfully fabricated by flip-chip bonding of the top substrate consisting of the Sn bump electrodes onto the bottom substrate. Based on the output voltagecurrent curve measured by applying a temperature difference ¦T of 22.3 K across the both ends of the device, the internal resistance of the thin film device was characterized as 3.7 K³. Such high internal resistance of the thin film device could be mainly due to high contact resistance at the interface between the thin film legs and the Sn bumps bonded by flip-chip process. The open-circuit voltage of 0.294 V and the maximum output power of 5.9 µW were obtained by applying a temperature difference ¦T of 22.3 K across the hot and cold ends of the thin film device.
